The nitrogen-related phosphotransferase system (PTS Ntr 
Introduction
Many bacteria use the phosphoenolpyruvate (PEP): carbohydrate phosphotransferase system (carbohydrate PTS) for uptake and phosphorylation of different sugar substrates. This system forms a phosphorylation cascade from PEP to available carbohydrates, and usually comprises two general cytoplasmic proteins (EI and HPr), and several sugar-specific tripartite complexes (EII). EIIA and EIIB also are cytoplasmic proteins, while EIIC is bound to the cell membrane and contains the sugar-binding site. Besides sugar transport, PTS also is involved in regulation of processes such as catabolic repression, chemotaxis, biofilm formation and virulence (Deutscher et al., 2014) . In most Gram-negative bacteria a homologue to carbohydrate PTS, so-called nitrogen related PTS (PTS Ntr ), is present. PTS Ntr is composed of proteins EI Ntr (encoded by ptsP), NPr (encoded by ptsO) and EIIA Ntr (encoded by ptsN) (Reizer et al., 1996) . No homologs of EIIB and EIIC for PTS Ntr have been identified. Thus, the final phosphate acceptor is considered to be EIIA Ntr ; therefore, PTS Ntr seems to be exclusively related to regulatory functions. Another difference between carbohydrate PTS and PTS Ntr is the presence of a GAF domain in the N-terminus of the EI Ntr protein, which is a perception module that can bind diverse ligands (Pfl€ uger-Grau and G€ orke, 2010) . In fact, in Escherichia coli, the cellular nitrogen status modulates the phosphorylation of PTS Ntr through the binding of glutamine or a-ketoglutarate to the GAF domain of EI Ntr (Lee et al., 2013) .
A variety of cellular processes have been described to be affected by PTS Ntr . In E. coli, the synthesis of lipopolysaccharide (LPS) is reduced by direct interaction of unphosphorylated NPr with LpxD (enzyme for the synthesis of lipid A) (Kim et al., 2011) . The unphosphorylated EIIA Ntr protein interacts with the sensor kinase PhoR response regulator KdpE, which in turn activates transcription of the genes encoding the high-affinity K 1 transporter KdpFABC (L€ uttmann et al., 2009 (Lee et al., 2007) . Moreover, in absence of EIIA Ntr (in a ptsN mutant) the activity of the RpoS alternative sigma factor is favored, because the increased K 1 levels (due to a high activity of Trk) allow the preferential binding of RpoS to core RNA polymerase over RpoD (Lee et al., 2010) . In contrast to the well-defined regulatory mechanisms exerted by PTS Ntr in E. coli, little is known about how this system carries out the regulation of gene expression in other bacterial species with relevance in pathogenesis (Pseudomonas aeruginosa and Legionella pneumophila), agriculture (Pseudomonas fluorescens, Rhizobium etli and Azotobacter vinelandii) and biotechnology (A. vinelandii and Ralstonia eutropha) (Pfl€ ugerGrau and G€ orke, 2010; Karstens et al., 2014) .
A. vinelandii is a soil bacterium belonging to the Pseudomonadaceae family, which is capable of synthesizing poly-b-hydroxybutyrate (PHB), a polyester of industrial interest toward the production of bioplastic (Galindo et al., 2007) . Under adverse conditions, this bacterium can differentiate to cysts that are resistant to desiccation and gamma radiation (Socolofsky and Wyss, 1962) . During encystment, A. vinelandii produces the phenolic lipids alkylresorcinols (ARs), which replace the membrane phospholipids and are components of the external layer of cysts, the exine (Reusch and Sadoff, 1983) . The operons phbBAC and arsABCD encode the enzymes for PHB and ARs synthesis respectively (Segura et al., 2003b; Funa et al., 2006) . Specific transcriptional regulators have been identified for both operons: PhbR of the AraC/XylS family activates the transcription of phbBAC (from promoter p B 1), while the LysR-type regulator ArpR activates arsABCD transcription. Additionally, the RpoS sigma factor is necessary for transcriptional activation of phbR, phbBAC (promoter p B 2) and arpR (Peralta-Gil et al., 2002; Hern andezEligio et al., 2011; Romero et al., 2013) .
A. vinelandii lacks the carbohydrate PTS, with the exception of that for fructose as the fruBKA operon is present in the A. vinelandii genome (Setubal et al., 2009) . Thus, the internalization of sugar substrates is mediated by other active transport mechanisms (Barnes, 1972) . Nonetheless, a complete PTS Ntr is present in A. vinelandii, which regulates the synthesis of PHB and ARs, as well as nitrogen fixation. The unphosphorylated EIIA Ntr represses by what was an unknown mechanism the expression of the genes coding for transcriptional activators PhbR and ArpR (Segura and Esp ın, 1998; Noguez et al., 2008; Muriel-Mill an et al., 2015) . In this work we report that the presence of unphosphorylated EIIA Ntr induces the degradation of RpoS sigma factor by the ClpAP proteolytic complex, affecting the transcription of RpoS-dependent genes. These results elucidate a new mechanism by which PTS Ntr globally controls gene expression.
Results

Random miniTn5 mutagenesis in the ptsP mutant
In the A. vinelandii ptsP mutant, EIIA Ntr is present in its unphosphorylated state resulting in an inability to produce PHB and ARs (Noguez et al., 2008; Muriel-Mill an et al., 2015) . To identify genes involved in the repression of PHB and ARs synthesis by the unphosphorylated EIIA Ntr protein, we performed a random mini-Tn5 mutagenesis of ptsP mutant to isolate Km R derivatives able to produce PHB and ARs (see Experimental Procedures). About 5174 miniTn5-insertion mutants were visually analyzed for PHB production phenotype in PY medium plates at 72 hours. Two strains that showed a restored phenotype of PHB production as compared with its ptsP parental strain were identified and named LMW31 and LMW32 (Supporting Information Fig. S1A ). These strains were tested for their capacity of ARs production in BBOH medium at 120 hours and showed a positive phenotype (Supporting Information Fig. S1B ). The sites of the miniTn5 insertions in the LMW31 and LMW32 strains were mapped within the Avin28270 gene, at 1166 and 11473 nucleotides, respectively, relative to translation initiation codon (Supporting Information Fig. S1C ). This gene was annotated as a homolog of clpA (Setubal et al., 2009) , which in E. coli encodes an ATP-dependent chaperone of serine-protease ClpP that recognizes and translocates the substrates to the proteolytic core of ClpP (Kirstein et al., 2009) . To confirm that the restoration of PHB and ARs synthesis in the ptsP strain was caused by the miniTn5-insertions within clpA, we inactivated the clpA gene in the UW136 wild-type strain and in the ptsP mutant by site-directed mutagenesis (see Experimental Procedures). As shown in Fig. 1A and B, the inactivation of clpA restored the phenotype of PHB and ARs production in the ptsP strain similar to the miniTn5-insertions in clpA (Supporting Information Fig. S1A and B). The PHB and ARs production was quantified in the ptsP-clpA double mutant ( Fig. 1C and D) ; the PHB and ARs levels were lower as compared with those produced by the UW136 wild-type strain. The ptsP-clpA strain accumulated about 35% of PHB and ARs produced by the UW136 strain ( Fig. 1C and D) . The growth of UW136 and ptsP strains was not affected by clpA mutation (Supporting Information Fig. S1D ).
Mutational inactivation of clpP partially restored the synthesis of PHB and ARs in the ptsP mutant
As mentioned above, ClpA together with ClpP protease form the ClpAP complex. As ClpA recognizes and translocates substrates to the ClpP proteolytic core, we tested the effect of a clpP mutation on the suppression of the PHB and ARs negative phenotype in the ptsP mutant. As shown in Fig. 1A -D, similar to the inactivation of clpA, the mutation in clpP partially restored PHB and ARs synthesis capacity in the ptsP mutant (these partial phenotypes are due to a post-transcriptional effect shown below). In the clpP single mutant PHB and ARs accumulation was reduced as compared with the wild-type UW136 strain ( Fig. 1C and D) . A longer lag phase was observed in strains carrying the clpP mutation (Supporting Information Fig. S1D ). A plasmid carrying the clpP gene transcribed from the pgyrA promoter was constructed as described in Experimental Procedures. As shown in Fig. 1C and D, complementation with clpP expressed in trans reduced the PHB and ARs levels in the clpP and the ptsP-clpP strains. As expected, the complementation with empty vector (pBBR1MCS-5) did not restore the phenotype in both clpP and ptsP-clpP mutants and did not affect the PHB and ARs levels in the UW136 strain ( Fig. 1C and  D) . Taken together, these results indicate that the ClpAP proteolytic complex is involved in the inability of the ptsP mutant strain to produce PHB and ARs. A. PHB synthesis phenotype of strains grown in Peptone-Yeast medium 2% sucrose (PY) plates for 72 hours at 308C. A white color is compatible with PHB accumulation (showed by UW136 strain), while a less white appearance means reduction or no PHB accumulation. B. Phenotype of ARs synthesis. The strains were grown on sterile 0.22 mm filters on the surface of 0.2% n-butanol Burk's medium (BBOH) plates for 120 hours at 308C. The cells were stained with a solution of Fast Blue B salt. A red stain is compatible with a positive phenotype of ARs synthesis. C and D. Quantification of (C) PHB and (D) ARs levels produced in conditions described in panels A and B respectively. The mean from three independent experiments is presented. Error bars; SD.
PTS
Ntr affects levels of RpoS in A. vinelandii Previously, we showed that the transcription of the phbR, phbB and arpR genes, involved in the PHB and ARs synthesis, is dependent on the RpoS sigma factor (Peralta-Gil et al., 2002; Hern andez-Eligio et al., 2011; Romero et al., 2013) , and that in the ptsP mutant the transcription of these genes is reduced (Noguez et al., 2008; Muriel-Mill an et al., 2015) . On the other hand, in E. coli proteolysis of RpoS is carried out by the chaperone-protease ClpXP complex (Schweder et al., 1996) . We therefore hypothesized that one mechanism by which ClpAP protease could negatively affect the synthesis of PHB and ARs is through the proteolysis of RpoS. We investigated whether ClpAP complex degrades RpoS in A. vinelandii, and also whether in the ptsP mutant the levels of the RpoS protein are reduced. Indeed, western blot assays revealed that the clpP mutation increased the sigma factor levels in both UW136 and ptsP strains in PHB production medium ( Fig. 2A) , suggesting that as in other bacteria, in A. vinelandii RpoS is a substrate of the ClpP protease. We also found that in the ptsP strain, at stationary phase (48 hours of growth), the RpoS level is reduced about 50% as compared with the level observed in the wild type UW136 strain ( Fig. 2A ). In agreement with the phenotype of the ptsP-clpA strain, the clpA mutation restored the RpoS levels in the ptsP mutant. Inactivation of clpA in the UW136 wild type had no effect on the level of RpoS ( Fig. 2A) . Western blot assays carried out in cells grown in AR production medium BBOH showed similar results (Supporting Information Fig. S2A ).
We also determined the in vivo stability of RpoS at the stationary phase, after addition of spectinomycin to block protein synthesis. In the UW136 strain, RpoS showed a half-life > 120 min, while in the ptsP strain this was drastically reduced to 25 min ( Fig. 2B and C) . The inactivation of clpA or clpP restored the stability of RpoS in the ptsP mutant ( Fig. 2B and C) . The half-life of RpoS in the single mutants clpA and clpP was > 120 min (Supporting Information Fig. S2B and C).
Additionally, we determined the levels and stability of RpoS in the other pts mutants. Similar to the ptsP mutation, the inactivation of ptsO also reduced the RpoS A. Detection of RpoS by western blot using polyclonal anti-RpoS antiserum, in cells grown in PY medium for 48 hours at 308C. For each sample, 20 mg of total protein were used. An unspecific interaction of antiserum with a protein that migrates lower than RpoS is showed as the loading control (*). RpoS levels in the UW136 strain are considered as 100%. Values presented are the mean of three independent experiments, and standard deviation is shown in parenthesis (6 SD). B. Determination of RpoS stability in strains grown in PY liquid medium for 48 at 308C. The synthesis of protein was stopped by addition of 1 mg ml 21 spectinomycin. RpoS was detected by western blot. C. Densitometry of experiment from panel B: the density at time 0 was assumed to be 100%. The mean of three independent experiments is presented. Error bars; SD. levels in conditions of PHB synthesis (Fig. 3A) as well in ARs condition (Supporting Information Fig. S3A ). Indeed, the RpoS stability in the ptsO strain was reduced to 28 min ( Fig. 3B and C) as compared with this in the wild type (Fig. 2B and C) . This finding correlates with the previously reported negative phenotype of PHB and ARs synthesis showed by ptsO strain (Noguez et al., 2008; Muriel-Mill an et al., 2015) . A ptsN (EIIA Ntr ) mutation restored the levels and half-life of RpoS in the ptsP mutant, while in the wild-type strain UW136, this mutation did not affect the quantity of protein ( Fig. 3A Fig. S3B ). Similar to the ptsP mutant, the stability of RpoS was reduced in the strain UW136::pALA8a (45 min) ( Fig. 4B and C). The inactivation of clpA or clpP genes in this strain restored the RpoS levels and its stability ( Fig. 4A -C), restoring the PHB and ARs synthesis phenotypes ( Fig. 4D and E). Therefore, these results provide further evidence confirming that when EIIA Ntr is present in its unphosphorylated form, the RpoS levels are reduced by a ClpAP-mediated proteolysis.
ClpXP degrades RpoS in A. vinelandii
In E. coli, ClpX, but not ClpA, is the chaperone responsible for RpoS recognition and translocation to ClpP protease (Schweder et al., 1996) . We investigated if ClpX is involved in RpoS degradation in A. vinelandii. In the exponential phase (8 hours of growth) the level of RpoS is lower than that observed in stationary phase in the UW136 and ptsP strains ( Figs. 2A and 5) . However, the inactivation of clpX or clpP genes increased the RpoS levels threefold to sixfold (Fig. 5) . In contrast, in the clpA or ptsN strains the RpoS levels were similar to those observed in the wild type (Fig. 5 ), indicating that RpoS is a substrate of ClpXP complex, and that the degradation of RpoS by ClpXP is no affected by the EIIA Ntr protein. In stationary phase, the level of RpoS in the clpX and ptsP-clpX mutants increased about 1.3-to 1.5-fold (data not shown). Thus, these results indicate that as in other bacteria, in A. vinelandii, degradation of RpoS by the ClpXP complex occurs mainly during the exponential phase.
The transcription of PHB and ARs-related genes is restored in the ptsP strain by mutations in clpP and clpA
The instability of RpoS caused by unphosphorylated EIIA Ntr is in agreement with previous reports showing that the inactivation of ptsP reduces the expression of Ntr reduces the levels and stability of RpoS. A. Detection of RpoS by western blot in the strain UW136::pALA8a (EIIA Ntr H68A) and its derivatives with mutations on clpA or clpP grown in PY liquid medium for 48 hours at 308C. RpoS levels in the UW136 strain are considered as 100%. Values presented are the mean of three independent experiments, and standard deviation is shown in parenthesis (6 SD). B. Stability of RpoS in strains described in panel A. Growth conditions and experimental procedures were the same to those for Fig. 2C . C. Densitometry of experiment from panel B: the density at time 0 was assumed to be 100%. The mean from three independent experiments is presented. Error bars; SD. D. PHB synthesis phenotype of strains described in panel A grown in PY plates for 72 hours at 308C. E. Phenotype of ARs synthesis of strains described in panel A. The conditions and experimental procedures were the same to those for PHB and ARs biosynthetic and regulatory genes, whose transcription is RpoS-dependent (Noguez et al., 2008; Muriel-Mill an et al., 2015) . Thus, the expression of these genes should be affected by mutations in clpA and clpP. We used phbB-gusA, phbR-gusA, arsA-gusA and arpRgusA transcriptional fusions to determine the effect of clpA and clpP mutations on the transcription of these genes. As previously reported, the ptsP mutation diminished the b-glucuronidase activity of transcriptional fusions of phbB, phbR, arsA and arpR, and either clpP or clpA inactivation completely restored activity of all gene fusions in the ptsP mutant (Fig. 6A-D) . These results suggest that unphosphorylated EIIA Ntr (present in the ptsP strain) decreases the transcription of PHB and ARs-related genes by inducing the degradation of RpoS by the ClpAP protease.
In the clpP and clpA mutants, the transcription level of phbB, phbR and arpR genes was similar to those in the wild-type UW136, while the arsA transcription in the clpP and clpA strains increased about 45% (Fig. 6A-D) , suggesting that ClpAP protease negatively affects the transcription of ARs biosynthetic operon.
Post-transcriptional repression of phbB and arsA by EIIA Ntr Although the inactivation of clpA and clpP genes in the ptsP strain restored the transcription of phbB and arsA genes to wild-type levels ( Fig. 6A and C) , the synthesis of PHB and ARs was not restored to the levels observed in the UW136 wild-type strain (Fig. 1C and D) ; suggesting that unphosphorylated EIIA Ntr (present in ptsP mutant) also exerts a negative effect on the synthesis of both compounds at a post-transcriptional level. Initially, we determined the effect of clpA and clpP mutations on the activity of phbB-gusA and arsA-gusA translational fusions in the ptsP background. In the ptsP-clpA and ptsP-clpP mutants, the b-glucuronidase activity of both translational fusions was lower than those in the wildtype strain (Supporting Information Fig. S4A and B) . To further analyze the effect of EIIA Ntr on translation of phbB and arsA, we constructed pgyrA-phbB-gusA and pgyrA-arsA-gusA translational fusions expressed from the constitutive gyrA promoter (see Experimental Procedures). In the ptsP mutant, the activity of both translational fusions were reduced as compared with the wild type strain and neither clpA nor clpP mutation restored the activity of both fusions in the ptsP strain ( Fig. 7A and B). Similar to the ptsP mutant, the strain that carries the non-phosphorylatable EIIA Ntr H68A exhibited lower expression of pgyrA-phbB-gusA and pgyrA-arsAgusA fusions ( Fig. 7A and B) . These results strongly suggest that unphosporylated EIIA Ntr protein also represses the expression of phbB and arsA at posttranscriptional level.
Discussion
The PTS Ntr is an important global regulatory system in Gram-negative bacteria. In most cases, EIIA Ntr , the terminal phospho-acceptor of PTS Ntr , is the protein that carries out diverse regulatory tasks such as potassium homeostasis and phosphate starvation response in E. coli. The mechanisms by which EIIA Ntr controls these processes are well known and involve interaction with proteins such as TrkA K 1 transporter, and KdpD and PhoR sensor kinases (Lee et al., 2007; L€ uttmann et al., 2009 . In A. vinelandii, the mechanism by which the unphosphorylated EIIA Ntr negatively affects the transcription of genes involved in PHB and ARs synthesis was poorly understood. Here, we elucidated a new mechanism by which EIIA Ntr controls gene expression in A. vinelandii. By western blot assays, we identified that, in the ptsP and UW136::pALA8a strains that carry EIIA Ntr only in its unphosphorylated form, the RpoS levels and stability were significantly reduced (Figs. 2 and  4 ). This reduction was caused by the proteolytic activity of the ClpAP complex, since mutation in clpA or clpP PY liquid medium for 8 hours to 308C. For each sample, 20 mg of total protein were used. An unspecific interaction of antiserum with a protein that migrates lower than RpoS is showed as the loading control (*).The density of RpoS levels of the UW136 strain was assumed to be 100%. The mean from two independent experiments is presented (6 SD). genes restored the levels and stability of RpoS in these strains (Figs. 2 and 4) .
No differences in rpoS mRNA levels between UW136 and ptsP strains were detected by qRT-PCR (data not shown). Thus, the reduction of RpoS protein levels was caused only by its proteolysis by ClpAP and not by a reduced transcription of rpoS. Taken together, these data allow us to propose that unphosphorylated EIIA Ntr promotes degradation of the sigma factor RpoS by the ClpAP complex, which in turn diminishes the RpoSdependent transcription of genes involved in PHB and ARs genes.
In other species ClpX, but not ClpA, has been reported as the specific chaperone to carry out the recognition and delivery of RpoS to ClpP (Schweder et al., 1996; Bertani et al., 2003) , thus, it is interesting that the ClpA chaperone is involved in RpoS degradation in A. vinelandii when EIIA Ntr is present in the unphosphorylated state (in UW136::pALA8a and ptsP strains). To our knowledge, the participation of ClpA chaperone in the degradation of RpoS has not been reported. Another case where RpoS is degraded in a ClpXP-independent way was reported in Salmonella enterica, however the protease involved was not identified (Cabeza et al., 2007) . In general, the activity of ClpP proteases requires adaptor proteins that confer specificity for substrate proteins (Battesti and Gottesman, 2013) . The ClpAP complex participates in the degradation pathway named N-end rule, which determines the stability of a protein based on its amino-terminal residue (stabilizing or destabilizing). ClpS, a small protein that works as an adaptor of ClpA, specifically binds to substrates with destabilizing N-terminal to deliver them to ClpA (Dougan et al., 2010 were reduced in nitrogen rich conditions (Ronneau et al., 2016) . In the PHB producer bacterium Ralstonia eutropha, the unphosphorylated form of EIIA Ntr was
shown to interact with SpoT; however, the regulatory role of this interaction is unknown (Karstens et al., 2014) . Whether in A. vinelandii SpoT and EIIA Ntr interact and the (p)ppGpp levels are related to the EIIA Ntrinduced degradation of RpoS by ClpAP protease remains to be explored. A relationship between PTS Ntr and RpoS also occurs in E. coli (Lee et al., 2010) . In this bacterium, RpoS activity is affected by EIIA Ntr in an indirect manner; in a ptsN mutant, in which EIIA Ntr is not present, RNA polymerase binds RpoS preferably over RpoD, as a consequence of increased intracellular K 1 levels by high activity of the Trk system, resulting in the up regulated expression of many RpoS-dependent genes (Lee et al., 2007 (Lee et al., , 2010 . Whether in A. vinelandii, EIIA Ntr also affects the sigma selectivity regulating the K 1 uptake by
Trk system remains to be investigated. The clpA or clpP mutations restored RpoS stability and transcription of phbBAC and arsABCD genes that are RpoS-dependent in the ptsP strain ( Fig. 6A and C) . Although transcription of the RpoS-dependent genes, phbB and arsA, was completely restored, the synthesis of PHB and ARs was not reestablished to wild type levels in the ptsP mutant (Fig. 1C and D) because unphosphorylated EIIA Ntr also exerts a negative effect on phbBAC and arsABCD expression at post-transcriptional level ( Fig. 7A and B) . The RsmA protein (homolog to E. coli CsrA) is a translational repressor previously shown to bind the arpR, phbR and phbB mRNAs, while small RNAs named RsmZ1 and RsmZ2 (homologs of E. coil CsrB and CsrC sRNAs) bind RsmA counteracting its repressor activity (Manzo et al., 2011; Hern andez-Eligio et al., 2012; Romero et al., 2016) . We hypothesize that the post-transcriptional regulation exerted by EIIA Ntr could involve the RsmZ/RsmA system. Interestingly, a recent study in E. coli identified that the interaction of unphosphorylated EIIA of glucose PTS (EIIA Glc ) with the CsrD protein induced the decay of both CsrB and CsrC RNAs, which is expected to increase the free CsrA (Leng et al., 2016 Fig. 8 . Finally, the signals that regulate the phosphorylation of PTS Ntr in A. vinelandii remain to be elucidated, however it is tempting to speculate that nitrogen and carbon availability could affect the phosphorylation of EIIA Ntr , as has been reported in other species (Pfl€ uger and de Lorenzo, 2007; Lee et al., 2013; Goodwin and Gage, 2014) . In E. coli, glutamine binds to the GAF domain of EI Ntr and inhibits its autophosphorylation while a-ketoglutarate stimulates it (Lee et al., 2013) , and has been proposed that under high-potassium and limited-nitrogen conditions, increased a-ketoglutarate levels enhance autophosphorylation of EI Ntr and, in turn, the phosphorylation of EIIA Ntr . Thus, a high TrkA activity increases intracellular K1 levels favoring the binding of RpoS to RNA polymerase, and allowing the transcription of genes involved in response to stress conditions (Huergo and Dixon, 2015) . In A. vinelandii, it was reported that RpoS protein levels increase during ammonium-to-N 2 and acetate-to-glucose diauxic shifts (Sandercock and Page, 2008) . Although in A. . This hypothesis will be explored in the future.
Experimental procedures
Strains and growth conditions
Strains used in this study are listed in Table 1 . For determination of PHB synthesis, the A. vinelandii strains were grown in peptone yeast medium supplemented with 2% sucrose (PY) at 308C. For conditions of ARs synthesis, cells grown in Burk's medium supplemented with 2% sucrose (BS) for 30 hours were harvested and washed three times with sterile 10 mM MgSO 4. Then, the cells were transferred to Burk's medium added with 0.2% n-butanol (BBOH) and incubated at 308C. Strains of E. coli were grown in Luria Bertani medium (LB) at 378C.
Transposon mutagenesis
Random mutagenesis of the A. vinelandii ptsP strain was carried out using the mini-Tn5 transposon (De Lorenzo et al., 1990) . The ptsP strain was grown in BS liquid medium for 48 hours at 308C. E. coli strains S17-1/kpir and HB101, harboring plasmids pUT/miniTn5lacZ2 Km and helper pRK2013, respectively, were grown overnight in LB liquid medium added with kanamycin 30 mg ml 21 . After incubation, 1 ml of each culture was centrifuged and the pellets were washed three times with sterile 10 mM MgSO 4 , and resuspended in 1 ml of the same solution. About 200 ml of A. vinelandii and 20 ml of each E. coli suspensions were mixed in a sterile tube. The mixture was placed on the surface of Burk's-Luria Bertani (78%-22%) solid medium added with 2% glucose and 15 mM ammonium acetate (BS-LB) and incubated for 24-48 hours at 308C. The cells were harvested and resuspended in 1 ml of sterile 10 mM MgSO 4 and 100 ml were plated in BS solid medium with 1 mg ml 21 of kanamycin and incubated for 48-72 hours at 308C. Kanamycin-resistant mutants were isolated and grown in PY medium for 72 hours at 308C to compare their opacity phenotype (PHB production) with that of UW136 and ptsP strains.
The localization of miniTn5 transposon insertion was determined digesting chromosomal DNA with PstI at 378C overnight. The digested DNA was ligated with T4 ligase (Roche) at 168C for 72 hours (to obtain circular DNA fragments containing the mini-Tn5 transposon). The ligation reaction was used as template for a PCR using the oligonucleotides Tn51 and Tn50 (Supporting Information Table  S1 ), which are oriented to outside from mini-Tn5 (De Lorenzo et al., 1990) , hence the flanking regions of site insertion of transposon were amplified. The obtained PCR products were sequenced using a Perkin Elmer/Applied Bio systems DNA sequencer.
Construction of A. vinelandii mutants
DNA fragments containing the genes clpA, clpP and clpX were amplified using the respective oligonucleotides listed in Supporting Information Table S1 . clpP and clpX were cloned into the pJET1.2 vector (Thermo Scientific), while clpA was cloned into the pMOS-Blue plasmid (GE Healthcare). Restriction sites for XhoI, KpnI and SalI inside of clpA, clpP and clpX, respectively, were used to insert a Km or Gm cassettes obtained from vectors pBSL99 or pBSL98 (Alexeyev et al., 1995) . All plasmids (Table 2) were confirmed to contain the antibiotic resistant cassette cloned in the same direction of transcription of interrupted genes. In A. vinelandii, these cassettes have been previously shown to allow transcription of downstream genes in the same operon (N uñez et al., 2000) . Plasmids containing interrupted genes were used to transform A. vinelandii strains and the presence of the mutations into the resultant Km or Gm resistant transformant strains was confirmed by PCR (data not shown).
Complementation of clpP mutation
The clpP gene was amplified using primers clpPFw and clpPRv (Supporting Information Table S1 ). The DNA fragment was cloned into vector pJET-pgyrA (Table 2) , downstream and in the same direction of gyrA promoter (pgyrA) producing plasmid pLM12. A fragment containing the pgyrA-clpP fusion was excised digesting pLM12 vector with BglII enzyme, gel purified and cloned into SmaI-digested plasmid pBBR1MCS-5 (Kovach et al., 1995) . The resultant plasmid pLM22 (Table 2) , was transferred by conjugation into respective strains.
Construction of gene fusions
Transcriptional and translational fusions of phbB, phbR, arsA and arpR genes with gusA reporter used in this study were previously reported (Hern andez-Eligio et al., 2012; Muriel-Mill an et al., 2015) . For construction of translational fusions of phbB and arsA expressed from a constitutive promoter, we used the gyrA promoter (pgyrA), which has been previously used for constitutive expression in A. vinelandii (Muriel-Mill an et al., 2015) . Plasmid pAHFUTd-B, containing phbB-gusA translational fusion, and oligonucleotides FwphbBpUMAtd and RvphbBpUMAtd (Supporting Information Table S1 ), were used to delete the phbB promoter region by inverse PCR. The PCR product and pgyrA were ligated to obtain the vector pLM23, which was used as template to amplify the fusion of pgyrA and 5 0 untranslated region of phbB with the oligonucleotides pgyrAupSacI and TradFusBRev. The pgyrA-phbB fusion was cloned into pLM3 plasmid to produce pLM24. For pgyrA-arsA-gusA translational fusion, plasmid pLM5 and oligonucleotides FwArsApUMATd and RvarsApUMATd (Supporting Information Table S1 ), were used to delete the arsA promoter by inverse PCR. The PCR product was ligated with pgyrA to construct plasmid pLM25. Plasmids pLM24 and pLM25 were used to transform A. vinelandii strains.
Expression and purification of RpoS-6His
The oligonucleotides rpoSFwexp and rpoSRvexp (Supporting Information Table S1 ) were used to amplify a 1005 bp fragment corresponding to rpoS gene. The PCR product was digested with NdeI and NotI and ligated into pET22b (Novagen) previously digested with the same enzymes to generate pLM11 (Table 2) .
The E. coli BL21/DE3 strain was used to express the RpoS-6His protein. Strain BL21/DE3/pLM11 was grown at 378C overnight in LB liquid medium with 200 mg ml 21 ampicillin. A 500 ml sample of the overnight culture was used to inoculate 50 ml of LB (200 mg ml 21 ampicillin) medium that was incubated on a rotary shaker at 378C. When an OD 600 of 0.4-0.6 was reached, IPTG was added to a final concentration of 0.3 mM and further incubated for 3 hours. The RpoS-6His protein was purified with Ni-nitrilotriacetic acidagarose (Qiagen), concentrated and dialyzed against sterile Phosphate-buffered Saline pH 7.4 (PBS) using an Amicon V R ultra centrifugal filter 10K (Millipore). The resultant RpoS6His protein was used to produce antibodies in rabbits with authorization of Bioethical committee of Biotechnology Institute of UNAM.
Western blot analysis of RpoS
Detection of RpoS protein was performed by western blot. About 20 mg of total protein from cultures grown in PY or BBOH medium were mixed with SDS-PAGE loading buffer and heated to 958C for 10 minutes. Proteins were separated in 12% SDS-PAGE and transferred to nitrocellulose membranes (Amersham). RpoS protein was detected using polyclonal antiserum RpoS-6His at a 1:2000 dilution in Trisbuffered saline pH 7.5 added 0.1% Tween 20 (TBST), followed by a goat anti-rabbit IgG antibody conjugated to alkaline phosphatase (Abcam) at a 1:10 000 dilution in TBST. Membranes were developed with a BCIP/NBT substrate kit (Invitrogen). For determination of in vivo stability of RpoS, the strains were grown in PY liquid medium for 48 hours. Protein synthesis was blocked by addition of spectinomycin (1 mg ml 21 ) or gentamycin (for the ptsO strain, 0.5 mg ml
21
). The relative levels of RpoS were calculated by densitometry using the ImageJ program (Schneider et al., 2012) .
Analytical methods
PHB was determined in cells grown in PY plates at 72 hours by the Law and Slepecky method (Law and Slepecky, 1961) . The ARs were measured from cells grown in BBOH plates for 120 hours, as described (Segura et al., 2003a) . The b-glucuronidase activity was measured as described (Wilson et al., 1995) . The 1 U corresponds to 1 nmol of pnitrophenyl-b-D-glucuronide hydrolyzed per minute per mg of protein. Protein concentration was determined by Lowry method (Lowry et al., 1951) .
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